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Abstract The effect of pore fluids on acoustic wave dispersion in rocks with low aspect ratio crack porosity
is important for the interpretation of laboratory and field observations in hard rock mineral exploration
environments. Here we make laboratory measurements of shear modulus dispersion at frequencies
0.01–1 Hz and at 1 MHz with different saturating fluids (dry, argon, and water saturated) in two thermally
cracked quartzite samples with ~2% total porosity. Measurements are made across a range of effective
pressures (10–150 MPa), with the resulting very low permeabilities of the samples varying from
1–300 × 1021 m2. Moduli across the 0.01–1 Hz band were typically independent of frequency. The shear
moduli measured at sub-Hz frequencies are unaffected by fluid saturation, as expected for the saturated
isobaric (Gassmann) regime. In marked contrast, water saturation of the cracked rocks results in very large
increases in the shear moduli measured at 1 MHz and low effective pressures, indicative of saturated isolated
conditions. Thus, at an effective pressure of 20 MPa, the shear moduli for the two water-saturated
quartzites increase by 74% and 98% from 1 Hz to 1 MHz. The contrast in elastic moduli between dry and
water-saturated conditions is well represented by the theoretical model developed by Walsh and others. The
observed dispersion highlights the need for care in seismological application of results obtained at MHz
frequencies from laboratory ultrasonic measurements.
1. Introduction
Seismic methods are among the principal tools used in oil and gas exploration and are commonly used in
environmental and engineering studies. Increasingly, the applicability of seismic methods in other areas, such
as CO2 sequestration monitoring and mineral exploration, is being investigated. Numerical modeling of rock
acoustic properties can give an indication of the likelihood of successfully imaging subsurface features that
have not historically been targeted by active surface seismic surveys. One issue with this is, however, that
the seismic properties input to these models are typically obtained from laboratory (at MHz frequencies)
or borehole measurements (at kHz frequencies) which may differ from field studies (typically 1–300 Hz)
because of frequency-dependent velocity dispersion effects.
For example, relatively incompressible pore fluids capable of stress-induced flow between pores and cracks
should result in a stiffening of the effective elastic moduli of the saturated rocks at higher frequencies, when
the timescale of measurement is insufficient for fluid flow between pores and cracks so that they are hydrau-
lically isolated. At lower frequencies, where pore fluids do have time to flow, the effective moduli should be
lower due to the increased compliance of the saturated cracks. Numerous models have been developed to
quantify the magnitude of velocity dispersion that can be expected between different frequency regimes
and saturation conditions (e.g., Biot, 1956; Mavko & Jizba, 1991), but experimental measurements with which
to constrain these are more limited, especially in cracked media.
Most studies to date have focused on rocks with higher porosities and more equant pores because of the
implications of this dispersion for hydrocarbon exploration (e.g., Adam et al., 2009; Batzle et al., 2006;
Pimienta et al., 2015; Spencer, 1981; Spencer & Shine, 2016; Tisato & Quintal, 2014; Winkler & Nur, 1982;
Yin et al., 1992). The geometry of the porosity, however, has a significant effect on the amount of dispersion
expected: the effect of spherical pores on the overall compressibility of the rock is proportional to the poros-
ity, while bulk compressibility caused by low aspect ratio cracks is proportional to the rate of change of
porosity with pressure. At low porosities equant pores have only a small effect on the total compressibility
of rock and can therefore cause only limited dispersion while, even at low porosities, highly compressible
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cracks can still significantly affect the bulk acoustic properties when given sufficient time to close (Walsh,
1965). This dependence of the moduli on the time frame of crack closure can result in dispersion in
cracked rocks even at low porosities. As seismic methods become more commonly used in crystalline rocks
(e.g., Chan & Schmitt, 2015; Hajnal et al., 2010; Heinonen et al., 2013; Koivisto et al., 2012; Malehmir et al., 2012;
Milkereit et al., 1996; Schijns et al., 2009; White & Malinowski, 2012), which typically exhibit these low aspect
ratio cracks, the importance of quantifying the dispersion caused by cracks increases (Sun et al., 2009).
However, there have been very few direct experimental observations of dispersion in low-porosity rocks
with low aspect ratio cracks. We therefore investigate the shear modulus dispersion displayed by two
saturated, fractured, low-porosity quartzite specimens.
In this exploratory study, the shear moduli dispersion of cracked quartzite specimens from Cape Sorell,
Australia, and Alberta, Canada, are measured over the frequency range of 0.01–1 Hz and at 1 MHz when
the samples are dry, argon saturated, and water saturated. The mineralogy, grain sizes, and the thermally
induced cracks in the quartzites are characterized; additionally, permeability is measured as a function of
pressure for a comprehensive quantification of the properties of the quartzite. Dispersion measurements
are made at effective confining pressures of 10–150 MPa to investigate the effects of crack closure.
2. Characterization of Rock Specimens
Two quartzite specimens, one from Cape Sorell, Tasmania, Australia, and one from Alberta, Canada, were
selected for their relative homogeneity and near-monominerallic nature. Argon and water pore fluids were
chosen for the dispersion study to allow observation of the effects of fluids with very different viscosities
and bulk densities (Figure 1). In order to aid in understanding the effect of fluid-filled porosity on bulk elastic
properties of the rock, it is necessary to characterize the matrix material as well as the shape, volume, and
connectivity of the pore space as thoroughly as possible. The samples were characterized using scanning
electron microscope (SEM), light microscopy on thin sections, mercury porosimetry, and, for the Alberta
quartzite, X-ray diffraction. Permeability measurements as a function of pressure were also undertaken for
both samples.
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Figure 1. Physical properties of the argon and water used to saturate the quartzite samples. Values from National Institute of Standards and Technology (2012).
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Both quartzite specimens are dominated by quartz grains of ~0.5 mm diameter. The Cape Sorell specimen
(Figure 2) is a translucent light gray in appearance and has been shown to be more than 99% quartz by
volume, with<1%muscovite at the grain boundaries (Lu & Jackson, 1998). X-ray diffraction and SEM confirm
that the Alberta quartzite, by comparison, is nearly entirely composed of quartz grains with a thin film of iron
oxide at the grain boundaries (Figure 3). The appearance of the Alberta quartzite is largely controlled by the
iron; initially the quartzite was an opaque brown-beige color, but upon heating the sample to induce crack
porosity the quartzite changed to a pale pink color.
The bulk envelope volume of the quartzites is calculated from dimensional measurements made using ver-
nier calipers on the thermally cracked, precision-ground samples. The sample mass and mercury
porosimetry-measured porosity are used in conjunction with this measured envelope volume to calculate
a grain density of 2,708 ± 7 kg/m3 for the Cape Sorell quartzite; the Alberta sample is measured to have a
grain density of 2,659 ± 7 kg/m3. The Cape Sorell results are ~2% different to the density of 2,637 kg/m3 mea-
sured by Lu and Jackson (1998) using Archimedes principle. This small discrepancy is likely indicative of local
heterogeneity between the porosity or mineralogy of the Cape Sorell samples measured in the separate
studies. Comparatively, Smyth and McCormick (1995) measure the X-ray density of pure quartz to be
2,648 kg/m3, similar to the results for both quartzites. This again indicates that the quartzites are relatively
pure, although the slightly higher grain densities measured in these quartzite samples may result from a
small proportion of alternate minerals. The quartz-dominated mineralogy of the two samples simplifies
comparison between experimental and theoretical results.
Thin section images of the quartzites prior to any treatment showed that they initially did not have significant
crack porosity (Figures 2 and 3); saturating with distilled water in a vacuum gave an initial porosity of 0.3% in
the Cape Sorell quartzite (Lu & Jackson, 1998), and mercury porosimetry measured 0.8% initial porosity in the
Alberta quartzite. In order to increase the crack porosity and thereby the potential dispersion, it was neces-
sary to induce additional cracks into these materials.
It is important to carefully consider the characteristics of the introduced cracks as their distributions and
geometries have the potential to bias the observations. For example, the forced oscillation measurement
of the shear modulus at low frequencies is particularly sensitive to cracks at the outer diameter of a
Figure 2. Thin section image of the Cape Sorell quartzite under transmitted light with cross-polarized filter prior to thermal cracking (a), with transmitted light after
thermal cracking (b), with reflected light showing a cross section of the edge of the core sample after thermal cracking (c), and SEM image of the quartzite after
thermal cracking (d). The muscovite at the grain boundaries is clearly seen in (a), while the relatively random distribution of cracks can be seen in (b) and (c).
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cylindrical sample, while the ultrasonic pulse transmission method used for the high-frequency
measurement is more sensitive to cracks in the center of the sample. Comparison between measurements
of the two frequency regimes would be further complicated by an anisotropic distribution of cracks. For
these reasons, it was therefore desirable to induce within the quartzites as randomly oriented and
homogeneous a crack distribution as possible.
Several combinations of temperature and quenching mechanism were investigated in this exploratory study
to determine a methodology that produced sufficient crack porosity while maintaining the overall structural
integrity of each sample. Test samples of 2.5 cm diameter and thickness of ~0.5 cm, prepared from the
Alberta quartzite, were heated at a rate of 20°C/min to the target temperature, 1000°C, 1100°C, or 1400°C,
where they were left to stabilize for ~3 h prior to quenching. Comparisons between quenching in liquid nitro-
gen and water were made on the specimens heated to 1000°C; these showed that quenching in room
temperature water raised the porosity to 2.3%, while quenching in liquid nitrogen effected a total porosity
of only 1.0%. Quenching from 1100°C into water created a porosity of 3.6% in the test piece, whereas the test
sample heated to 1400°C lost structural integrity on quenching in water, cracking into multiple pieces. This
led to a final decision to maximize the crack porosity while maintaining structural integrity by quenching
the Alberta quartzite from 1100°C into water. As the mercury porosimetry is destructive, a separate sample
had to be prepared for the dispersion experiment.
For the dispersion measurements, while the Alberta sample was cored at 2.5 cm diameter prior to under-
going heating and quenching, equipment restrictions required the sample to then be precision ground to
a diameter of 1.5 cm and shortened from its original length of >15 cm. Crack porosity is anticipated to have
resulted from the combined effect of thermal expansivity, the quartz α-β transition, and the quench. Of these,
only thermal quenching is expected to produce heterogeneous or anisotropic results (Mallet et al., 2013). Due
to the unforeseen necessity to reduce the Alberta quartzite sample diameter and length, the strongest effects
of the quench may have been removed, as evidenced by the lower porosity measured in the quartzite used
for the dispersion study, 2.4%; however, further investigation into this was not possible due to a lack of
sample availability. While some anisotropy or heterogeneity may have remained in the crack distribution,
characterization of such is beyond the scope of this exploratory study.
Figure 3. Alberta quartzite thin section prior to thermal cracking: with transmitted light and cross-polarized filter (a), reflected light (b), and an SEM image (c). The last
panel shows an SEM image after thermal cracking (d). The iron oxide film at grain boundaries is particularly evident in (a), while the low aspect ratio nature of the
cracks is highlighted in (d).
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The Cape Sorell quartzite was cored to the requisite 1.5 cm diameter and
5 cm length prior to heating to 1100°C and quenching, in this case, into
liquid nitrogen. No sample-specific tests were carried out to determine
the optimal procedure for the Cape Sorell quartzite preparation, and in this
case the liquid nitrogen was chosen as it had been shown to cause less
porosity, thus presumably reducing the risk of breaking the samples that
had already undergone time-consuming precision grinding. Heating to
1100°C prior to quenching resulted in decomposition of the accessory
muscovite. Mercury porosimetry later confirmed that this treatment of
the Cape Sorell quartzite increased the porosity of the sample to 2.3%,
and inspection of the thin sections confirmed that both intergrain and
intragrain cracks (Figure 2b) were created during the treatment.
Thin section images show that, in both cases, the treatments caused
significant cracking of the specimens (Figures 2 and 3) while achieving
a relatively isotropic crack distribution with reasonably random crack
orientation. Mercury porosimetry and SEM images show that the low
aspect ratio cracks demonstrate little variation in size, with a distribution
of pore throat sizes centered around 0.4 μm and 0.7 μm, respectively, for
the Alberta and Cape Sorell samples (Figure 4). Mercury porosimetry of a
separate uncracked Alberta quartzite sample shows that this is an
increase from an initial pore throat size of 0.1 μm. No measurements
were possible on uncracked Cape Sorell quartzite due to a lack of
sample availability.
3. Measurement Method
3.1. High-Frequency Measurements
High-frequency measurements were made with the conventional ultra-
sonic pulse transmission method using 1 MHz piezoelectric ceramics.
The measurements were made under differing saturation states that
included dry, argon saturated, and water saturated (Tables S1–S6).
Piezoelectric transducers capable of generating 1 MHz P and S waves
were affixed to aluminum buffers; the quartzite samples were placed
in between the buffers and encased in flexible tubing. They were then
subjected to confining pressure only for the dry measurements and
independently controlled confining and pore pressure for the argon
and water-saturated measurements.
Pore fluid was introduced through a small diameter hole in the topmost
buffer and allowed to equilibrate prior to the shear modulus measure-
ments. The allocated equilibration time increased from a minimum of
10 min at 10 MPa of effective pressure to a minimum of 1 h by 50 MPa; >3 h of time was typically allocated
at pressures>100 MPa, with some equilibration times of up to 12 h during overnight periods in the multiday
measurement process. In order to calculate the high-frequency shear modulus, the S wave travel time
through the sample and buffers was measured at a series of effective pressures. The travel time through
the quartzite sample alone, ts, was determined by measuring the travel time through the two buffers when
no sample was present and subtracting that from the overall time (Molyneux & Schmitt, 2000). Pressure
effects on the buffers were removed by measuring the buffers over the same range of pressures as the buffer
and sample combination. S wave travel time was used in conjunction with the sample bulk density to obtain
the high-frequency shear modulus:
μH Peffð Þ ¼
l
ts Peffð Þ
 2
ρ; (1)
where μH is the high-frequency shear modulus, l the sample length, ρ the bulk density, and Peff the effective
Figure 4. Mercury porosimetry of the (a) Cape Sorell and (b) Alberta quart-
zites showing that the cracks are sharply distributed around a single pore
throat size for each quartzite, 0.4 and 0.7 μm, respectively. The dashed line in
(b) shows the pore throat size distribution in an Alberta quartzite sample
peaking at 0.1 μm prior to the induction of additional crack porosity.
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pressure. For these measurements, the quartzites had sample lengths of 3 cm. Volumetric changes of the
frame between 0 and 150 MPa were estimated using the isothermal bulk modulus and pressure derivative
values of single crystal quartz (Liu, 1993) as input into the Birch-Murnaghan equation of state (Birch, 1947).
The effect of these volumetric changes on the samples’ bulk densities and lengths was calculated. The Pwave
velocities were simultaneously measured at high frequency across a similar range of pressures; the results
from the P wave measurements will be presented in a forthcoming paper.
Dry measurements were made after the samples were dried overnight in a vacuum oven and then left at
ambient conditions and humidity for several days in an effort to avoid artifacts from being “overdried”
(Cadoret, 1993). Argon-saturated measurements were made next, over Terzhagi effective pressures from
10 to 150 MPa. For safety reasons, it was not possible to pressurize the argon pore fluid beyond 10 MPa
during the high-frequency measurements, so the desired effective pressures were obtained by keeping
the argon pore pressure at 10 MPa and varying the confining pressure, as necessary. Water-saturated mea-
surements were made after saturating the sample with distilled water overnight at a Terzhagi effective
pressure < 5 MPa. During water-saturated measurements, the confining pressure was kept constant at
150 MPa while the pore pressure was varied to obtain the appropriate range of effective pressures. Travel
time picks were difficult to make accurately at lower effective pressures when the samples were dry or argon
saturated due to high attenuation of the signal (Li et al., 2014; Figure 3). In the most difficult cases, at 10 or
20 MPa of effective pressure, cross correlation was required to determine a travel time pick. In all cases, care
was taken to quantify the uncertainty in the travel time picks as accurately as possible.
3.2. Low-Frequency Measurements
Low-frequency measurements (0.01–1 Hz, with additional, limited, 0.001–0.01 Hz measurements) were made
using the specific samples used for 1 MHz measurement, although adjustments to the sample lengths were
required (due to signal-to-noise limitations) in order to move between the techniques. Measurements were
completed using the Australian National University forced oscillation apparatus. The apparatus is unique, and
a more detailed description, including representative examples of raw data, can be found in Jackson and
Paterson (1993) and Jackson et al. (1984). The apparatus consists of a long, thin beam that is cantilevered
at one end and essentially free at the other, where it is harmonically twisted by a pair of opposing electro-
magnetic drivers. The cylindrical core sample (a standard sample size of 15 mm diameter × 150 mm length
is used for the apparatus), sandwiched between two polycrystalline (Duramic) alumina rods and encased in a
0.5 mm thick annealed copper jacket, was placed in the top of the apparatus, above a hollow steel elastic
standard. To achieve the required 150 mm total sample length, three 50 mm long pieces of the Cape
Sorell quartzite were stacked and frictionally coupled together, while the original rock sample of the
Alberta quartzite was large enough to allow a single 150 mm long piece to be machined. The beam was sinu-
soidally driven by a pair of electromagnetic drivers at its base, and torsional mode displacements were mea-
sured at two locations along the beam: one immediately below the sample, but above the elastic standard,
and one below both the sample and the elastic standard. Measurements of the angular displacement caused
by the applied torque from the electromagnetic drivers were made using parallel plate capacitors mounted
at the end of lever arms for mechanical advantage (Figure 5). Shear modulus of the sample is inferred by a
comparison with a parallel experiment with identical geometry, pressure, and pore fluid conditions in a
purely elastic control specimen of known modulus.
The apparatus is capable of applying confining and pore pressure independently to the sample and was
recently modified to allow condensed fluids such as water to be used as a pore fluid, in addition to argon
gas (Jackson et al., 2011). Pore fluid is introduced into the sample from upper and lower pore fluid reservoirs
through the 2 mm diameter bore of each of the hollow polycrystalline alumina rods sandwiching the sample.
The pressure of the upper and lower pore fluid reservoirs can be adjusted independently, and when the
pressure is increased or decreased in one of the pore fluid reservoirs, the change in pressure with time of
the other reservoir can be monitored to measure permeability within the sample using the transient
flow method.
The samples were prepared for low-frequency measurement in a manner similar to the preparation for the
high-frequency measurements, with the samples vacuum oven dried and then equilibrated at ambient
conditions prior to measurement. For the low-frequency measurements the Terzhagi effective pressure
was varied by changing the pore fluid pressure at constant high confining pressure.
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3.3. Permeability Measurements
In principle, when a state of uniform fluid pressure, P0, is established throughout the upper and lower pore
pressure reservoirs of the apparatus for low-frequency measurement as well as the sample, the permeabil-
ity, κ, and storage capacity of the sample can be measured by perturbing the system by a small pressure
increment, ΔP, in the upper reservoir and measuring the decay or growth of pressure (Neuzil et al., 1981).
In the case of the quartzites, however, the storage capacity of the samples themselves is sufficiently small
compared to the capacity of the upper and lower pore pressure reservoirs, Su and Sd, that it is possible to
obtain the permeability using the approximation of Hsieh et al. (1981) for negligible storage capacity (Lu &
Jackson, 2006):
P tð Þ  P0ð Þ
ΔP
¼ Su þ Sd exp Atð Þ½ 
Su þ Sd (2)
where the rate constant is given by:
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Figure 5. Diagram of ANU attenuation apparatus used to make low-frequency measurements (modified from Jackson et al., 2011).
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A ¼ κAs
ηLSSu
1þ Su
Sd
 
(3)
Here As is the cross-sectional area of the sample, Ls is the sample length,
P(t) is the upper reservoir pressure, and η is the fluid viscosity. As the equa-
tion assumes that the fluid properties are constant over the induced pres-
sure gradient, permeability measurements are made when the quartzites
are saturated with water rather than argon. Over the pressure increments
used the physical properties of water show very little change and an
approximation of constant properties is reasonable. Equation (2) can be
rearranged to
ln
P tð Þ  P0ð Þ Su þ Sdð Þ
ΔPSd
 Su
Sd
 
¼ At (4)
The pressure data are plotted as per equation (4); assuming the equation
acts, the slope of the resulting line (A) allows permeability k to be solved
for through the rearrangement of equation (3). The inverse of the rate
constant, that is, A1, is the time constant for the exponential decay of
the pore pressure perturbation, being the time required for the perturba-
tion to decrease to 1/e times its initial value.
Measurements were made by first collapsing the annealed copper jacket
enclosing the specimen under high effective pressure. This was done with
no pore pressure in the system and confining pressures >80 MPa. This
caused the copper jacket to mold closely to the outside of the sample,
minimizing any fluid flow at the jacket-specimen boundary. Under confin-
ing pressure the lower reservoir, with volume 40,000 mm3 (Lu, 1996), was
then pressurized with water containing a commercial rust inhibitor with
both oil and particulate matter in suspension, which was allowed to flow
to the upper reservoir (volume 1,163 mm3) until the pressures in each
reservoir equilibrated and the specimen was fully saturated. Pressure mea-
surements in each reservoir were made using high-pressure transducers
(Precise Sensors, model 114) with a resolution of 0.1 mV/10 V, which were
calibrated against a Bourdon-tube (Heise) pressure gauge. In practice, this
resulted in a resolution of about 0.05/500 MPa. The data were recorded
digitally using LabView software (National Instruments) and a multichan-
nel acquisition card. Permeability measurements were then taken by
changing the pore pressure in the upper reservoir and monitoring the
growth or decay of pressure. In cases of extremely low permeability, it was sometimes necessary to adjust
the pressure in the upper or lower reservoir during such reequilibration in order to reduce otherwise exces-
sive delay in achieving pore pressure equilibrium at appropriate final effective pressures for the shear mod-
ulus measurements; in these instances, the data during and after this midmeasurement adjustment were not
used in determining the permeability, reducing the overall measurement time. A least squares fit,
constrained to pass through the origin, over the time from the initial adjustment until either equilibrium
was reached or the pressures were further manually adjusted, was applied to the data, and the permeability
was calculated (Figure 6).
Measuring the timescale of pressure equilibration between the two reservoirs by fluid flow through the
sample served the dual purpose of allowing a measurement of permeability and ensuring that pore pressure
within the sample was equilibrated prior to the commencement of forced oscillation measurements,
although full equilibration of pore pressure throughout the specimen may not have been achieved at the
lowest permeabilities. Further, the required equilibration time was used as a guide to ensure that pore
pressure was constant throughout the sample prior to the acquisition of the high-frequency measurements
as well.
Figure 6. Pore pressure reequilibration (equation (4)) data for the Cape Sorell
(a) and Alberta (b) quartzites at ~100 MPa of effective pressure. Note that
panels (a) and (b) record >90% and only ~30% of full pore pressure reequ-
libration during 20,000 s, with time constants A1 of 2 and 15 h, respectively.
Measurements of the low permeability (1.2 ×1021 m2 at this pressure) of
the Alberta quartzite are approaching the resolution limit of the pore pres-
sure transducers.
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4. Experimental Results
4.1. Permeability
The pore pressure reequilibration generally adheres to the exponential
time dependence prescribed by equation (4) (e.g., Figure 6a). However,
the apparently systematic diminution of the rate of reequilibration for
the Alberta quartzite at the highest differential pressure (Figure 6b) may
reflect progressive clogging of narrow throats in the crack network by oil
and/or particulate matter in suspension in the rust inhibitor. The perme-
abilities, measured as outlined in section 3.3 with water as pore fluid, are
extremely low for both quartzites, ranging downward with increasing dif-
ferential pressure from 3 × 1019 m2 to 1 × 1021 m2 (Figure 7). The asso-
ciated time constants range from 15 min at low effective pressures to 15 h
for the Alberta quartzite at the highest differential pressure, ~100 MPa. A
more moderate maximum of 2 h was measured for the Cape Sorell quart-
zite, but both samples were allowed overnight equilibration of pore pres-
sure at the higher pressures prior to measurement of shear moduli and
wave speeds.
The Cape Sorell quartzite showed a well-behaved exponential decrease in
permeability with increased effective pressure. The Alberta quartzite per-
meability, while still showing a clear decrease with effective pressure, did not demonstrate a straightforward
relationship with effective pressure, instead undergoing a sharp decrease in permeability at effective pres-
sures greater than 50 MPa. This may be as a result in a difference in how the measurements were made or
may be an actual effect in the rock. The Cape Sorell measurements were made at nearly constant confining
pressure (varying from 139 to 140 MPa) with the variation in effective pressure being achieved by change in
pore pressure. Time constraints during efforts to obtain the desired final pore pressure in the Alberta quart-
zite meant that, to avoid unnecessary delay while waiting for complete pore pressure equilibration, adjust-
ments to the pore pressure in the middle of the equilibration process were made more frequently, with
the result that some of the permeability measurements on the Alberta quartzite were obtained over a shorter
time frame than the equivalent measurements on the Cape Sorell quartzite.
The effective permeability measured on the Alberta quartzite does appear to show some dependence on
measurement interval (Figure 6b), with higher apparent permeability at early times. The length of measure-
ment may account for some of the higher permeability seen in the Alberta quartzite at low effective pressures
during short measurements (Figure 7); however, it likely does not completely explain the significant perme-
ability decrease beyond 50 MPa of pressure and is addressed further in the discussion.
4.2. Shear Moduli
4.2.1. Crack Closure
Measurements of the dry shear moduli of both quartzites show the shear moduli increasing systematically
with effective pressure as the cracks in the samples undergo progressive closure. This effect is quite strong,
with the modulus of the dry Alberta quartzite increasing from 11.9 ± 0.3 GPa to 34.9 ± 0.1 GPa over confining
pressures 10–150 MPa at high frequency: an increase of 193%. Similarly, the shear modulus of the dry
Cape Sorell quartzite increases from 11 ± 1 GPa to 36.0 ± 0.1 GPa from 10 to 130 MPa confining pressure
(Figure 8). The quartzites both exhibit substantial increases in their shear moduli continuing to the highest
effective pressures but with diminishing pressure sensitivity beyond ~80 MPa.
4.2.2. Dry Conditions
The dry Cape Sorell quartzite, as expected, does not exhibit any shear modulus dispersion, with consistent
shear modulus measurements observed from 0.01 Hz to 1 MHz (Figure 9). Low-frequency measurements
were made on the Alberta quartzite only under water-saturated conditions, and hence, no dry or argon-
saturated results are available in this frequency band.
4.2.3. Effects of Argon Saturation
At low frequencies, argon saturation does not affect the Cape Sorell shear moduli, which are similar to those
measured under dry conditions. At 1 MHz, the effect of argon saturation on the Cape Sorell quartzite is a
modest, but systematic, increase in the shear moduli—by as much as 24% at 10 MPa, from 11 ± 1 GPa
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when dry to 12.3 ± 0.4 GPa when argon saturated. For the Alberta quart-
zite, effects of argon saturation are barely resolvable. Where effects greater
than the experimental error can be observed, a maximum increase of 7%,
from 14.9 ± 0.1 GPa when dry to 16.0 ± 0.1 GPa when saturated, can be
observed at 20 MPa of pressure. At pressures>60 MPa this effect reverses,
with a decrease of approximately 1% observed.
4.2.4. Effects of Water Saturation
At 1 MHz the effects of water saturation on the shear moduli are dramatic
(Figure 8). The largest effects are measured at the lowest effective
pressure, 10 MPa, where water saturation causes the shear modulus of
the Alberta quartzite to increase by 85% to 22.0 ± 0.2 GPa and that of
the Cape Sorell quartzite to increase by 127% to 24.7 ± 0.1 GPa
(Figures 9 and 10).
In marked contrast with the results at 1 MHz, measurements made at fre-
quencies of 0.01–1 Hz, and where available as low as 0.001 Hz, indicate
that fluid saturation causes no significant increase of the shear moduli of
the quartzites across this frequency range. The more definitive results of
fluid effects were obtained on the Cape Sorell quartzite which, unlike the
Alberta quartzite, was tested at low frequencies under dry, argon-
saturated, and water-saturated conditions. Moreover, the forced-
oscillation measurements indicate frequency independence between
1 mHz and 1 Hz.
Taken together, the results thus demonstrate strong dispersion between
1 Hz and 1 MHz—especially for water saturation (Figures 9 and 10).
5. Modeling
5.1. Modulus Deficit and Crack Density
Numerous models quantify the effect of dry and saturated cracks on shear
moduli. The popular models require various inputs; as an example, the Biot
(1956) model requires an estimate of the permeability of the rock, the pore
dimensions, and the tortuosity. Here a perturbation model is chosen for its
focus on crack-related effects and for its relative simplicity, requiring only
the crack density and the elastic parameters of the uncracked rock. For a
dilute concentration of randomly oriented cracks, the shear modulus of a
dry cracked medium, μdry, is given to first order as
μdry
μ0
¼ 1 16
45
ε
λ0 þ 2μ0ð Þ 9λ0 þ 10μ0ð Þ
3λ0 þ 4μ0ð Þ λ0 þ μ0ð Þ
 
(5)
(Hudson, 1981; O’Connell & Budiansky, 1974; Walsh, 1969). λ0 and μ0 are the Lamé parameters of the nonpor-
ous, uncracked rock and the crack density, ε, is defined as
ε ¼ Na3 (6)
Here N is the number density (i.e., number of cracks per unit volume) and a the crack radius. Note that in this
approximation, valid for low aspect ratio α = c/a < < 1, the modulus deficit is a function only of the crack
density, ε, rather than both crack porosity and aspect ratio.
When rocks are in the saturated isobaric fluid flow regime, the shear modulus of the saturated rock behaves
as when dry (O’Connell & Budiansky, 1977). As a result, equation (5) can be used to calculate the crack
densities of both the Cape Sorell and Alberta quartzites using the shear modulus deficits, measured either
dry (Cape Sorell) or water saturated (Alberta), and the Lamé parameters of quartz, Hashin-Shtrikman averages
of 44.1 GPa and 8.22 GPa (McSkimin et al., 1965) at STP, respectively, for μ0 and λ0.
Figure 8. Shear moduli of the Cape Sorell (a) and Alberta (b) quartzites as a
function of effective pressure at 0.1 Hz and 1 MHz when dry, water, or argon
saturated.
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The crack density ε for the Cape Sorell quartzite is thus inferred to
decrease from 0.4 at the lowest differential pressure Pd of 10 MPa to
below 0.1 at high pressure; however, the pressure sensitivity of the
inferred crack density decreases with increasing pressure especially
for the Cape Sorell quartzite. The crack density for the Alberta quart-
zite is higher than that of the Cape Sorell quartzite by ~ 0.05 through-
out the measurement range and appears to still be moderately
decreasing below 0.15 at the highest effective pressure of 158 MPa
(Figure 11).
Broadly similar results were obtained by Li et al. (2014), using a more
elaborate differential effective mediummodel for material containing
both cracks and unclosable pores. The authors inferred a crack density
for the same cracked Cape Sorell quartzite of ~ 0.5 for Peff = 20 MPa
decreasing to <0.1 for Peff > 80 MPa.
5.2. Pressure-Induced Crack Closure and Crack Aspect Ratio
The shear moduli at even the highest pressures measured remain
lower than the Hashin-Shtrikman average of 44.1 GPa calculated from
single crystal quartz (McSkimin et al., 1965), and it is inferred that the
quartzites retain finite porosity even at pressures >150 MPa. For all
measurements, however, the shear moduli appear to enter a more lin-
ear regime at ~80 MPa of effective pressure, indicating that many of
the cracks reach maximum effective closure around this pressure.
Walsh (1965) gives the effective confining pressure needed to close
a randomly oriented penny-shaped crack as
Peff ¼ παμ02 1 v0ð Þ (7)
where ν0 is the mineral Poisson ratio. For a pressure of 80 MPa, repre-
sentative of the broad regime of inferred crack closure, equation (7)
can be solved for an initial value of α. Using the previously mentioned
shear modulus for quartz and the Poisson ratio, 0.078, calculated from
the Hashin-Shtrikman average bulk modulus value of 37.7 GPa
(McSkimin et al., 1965) yields a zero-pressure aspect ratio of 0.001.
As crack closure occurs over a range of pressures both lower and
higher than 80 MPa, there must in fact be a distribution of aspect
ratios, centered around 0.001 as inferred by Li et al. (2014). An aspect
ratio of 0.001, combined with throat sizes of Figure 4, corresponds to
crack diameters of 0.4 mm for the Cape Sorell quartzite and 0.7 mm
for the Canadian quartzite, comparable with the grain sizes (both
~0.5 mm) of both which can be expected to form an upper limit on
crack size.
5.3. Characteristic Frequencies
Such a representative zero-pressure aspect ratio may be used to
provide an indicative value of the characteristic frequency separating
the saturated isolated (squirt flow) and saturated isobaric fluid flow
regimes, f ~ Kα3/2πη (O’Connell & Budiansky, 1977), where K is the
bulk modulus of the medium and η the fluid viscosity. The aspect
ratio, and hence the characteristic frequency, may have some
pressure dependence, but accurate analysis of this is somewhat
elusive and hence a constant aspect ratio is assumed. The existence
of a distribution of aspect ratios will inevitably broaden the transition
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Figure 9. Cape Sorell quartzite shear moduli from 0.01 to 1 Hz and at 1 MHz, at
varying pressures, measured dry (top), argon saturated (middle), and water satu-
rated (bottom) during the “up” pressurization cycle. Listed effective pressures are
those corresponding to the high-frequency measurement; low-frequency mea-
surements may vary from the pressure listed in the figure by up to 3 MPa.
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between fluid flow regimes around the estimated
characteristic frequency.
For water, with a viscosity of 1 mPa s at STP, a characteristic frequency
of ~6 kHz is calculated for the water-saturated quartzites, clearly
separating the low-frequency, 0.1–1 Hz, and high-frequency, 1 MHz,
measurements into the saturated isobaric and saturated isolated fluid
flow regimes, respectively. At 10 MPa, argon has a viscosity of only
0.03 mPa s, resulting in a significantly higher characteristic frequency
of ~0.2 MHz for squirt flow—but consistent with MHz measurements
probing the saturated isolated regime.
At long measurement times an additional fluid flow regime exists, the
“drained” regime. This regime is characterized by stress-induced fluid
exchange between the pore space and an external reservoir. The
characteristic frequency, f ~ 4κK/L2η, separates the drained and satu-
rated isobaric regimes, where L is the characteristic length, but the
shear modulus is expected to be unaffected by this transition
(Cleary, 1978). It is thus estimated that the Alberta quartzite transi-
tions at a frequency as high as ~1 mHz when water saturated and
~10 mHz when argon saturated. The draining transition may occur
at even lower frequencies if the pore compressibility of the cracked
medium exceeds the fluid compressibility, as for water saturation of
cracks of low aspect ratio. As a result of the high pore pressure used
for the low-frequency measurements the viscosities of water and argon are closer than in the previous case,
reducing the differences between the characteristic frequency calculated for the different saturating fluids.
The argon and water-saturated characteristic frequencies of the Cape Sorell quartzite are estimated to have
a maximum an order of magnitude lower than their Alberta quartzite counterparts due to the lower perme-
ability of the Cape Sorell quartzite at low pressure.
5.4. Modeling the Effect of Fluid Saturation
Isolated inclusions of low aspect ratio α<< 1 filled by amoderately incom-
pressible fluid (such that Kf >> αK0) result in a perturbation of the shear
modulus (c.f. equation (5)), μsat, that is a function only of the crack density:
μsat ¼ 
32
15
μ0ε
λ0 þ 2μ0
3λ0 þ 4μ0
 
þ μ0; (8)
(Walsh, 1969, O’Connell & Budiansky, 1974; Hudson, 1981, equations (19)
and (37)). As the characteristic frequency calculations indicate that the
water-saturated quartzites are in the saturated isolated fluid flow regime
during the MHz measurements, the pressure-dependent crack density
previously inferred from the “dry” modulus can be used in equation (8)
to estimate the saturated shear modulus μsat of the cracked medium.
Accordingly, we calculate the expected effects of water saturation (bulk
modulus ~3 GPa at the experimental pressures and temperatures) on
the shear moduli of the quartzites. On account of the much lower bulk
modulus for argon (e.g., ~10 MPa at Pfl = 10 MPa), along with conditions
only marginally within the saturated isolated regime, no such modeling
of the argon-saturated quartzites was undertaken.
The water-saturated model results show excellent agreement with the
experimentally measured results for both the Cape Sorell and Alberta
quartzites, indicating that use of the model for both dry and water-
saturated conditions effectively captures the dominant effects of fluid on
the cracked rocks (Figure 11). This is somewhat surprising, especially for
the Alberta quartzite, as the difference between the low-frequency
Figure 11. 1 MHz measurements of dry and water-saturated Cape Sorell
(a) and Alberta (b) quartzite shear moduli, with a comparison to the
Walsh-Hudson estimation of crack density and Walsh-Hudson predictions
of water-saturated shear moduli for the respective quartzites within the
saturated isolated fluid flow regime.
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Figure 10. Water-saturated Alberta quartzite shear modulus measurements from
0.01 to 1 Hz and at 1 MHz, measured during the up pressurization cycle. Listed
effective pressures are those corresponding to the high-frequency measurement;
low-frequency measurements may vary from the pressure listed in the figure by
up to 3 MPa.
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water-saturated shear moduli and the high-frequency dry moduli introduces uncertainty into the calculation
of crack density.
6. Discussion
6.1. Permeability
The Cape Sorell and Alberta quartzites share relatively similar physical properties; both have a largely mono-
minerallic quartz composition, grain sizes of approximately 0.5 mm, total porosities on the order of ~2%, and
pore throat sizes <1 μm. Interestingly, however, their permeabilities differ somewhat in behavior. While the
Cape Sorell quartzite shows a well-behaved exponential decrease in permeability with increasing effective
pressure, the Alberta quartzite shows a sharp decline in permeability at effective pressures >50 MPa. As
described earlier, some of this variation may result from differences in the measurement methodology.
Part of the variation, however, is expected to be caused by mineralogical differences between the samples.
The Alberta quartzite is seen to have smooth grain boundaries, perhaps allowing more complete closure
of the intercrack space at high pressure, while the Cape Sorell quartzite has phyllosilicates at the grain bound-
aries, the thermal decomposition products of which may have acted to hold the intercrack pathways open,
even at very high effective pressures.
Overall permeability is somewhat lower than anticipated. This may be the result of oil and particulate matter,
in suspension within the commercial rust inhibitor used during water-saturated low-frequency measure-
ments, clogging the pore throats and reducing the rate of fluid flow, and potential chemical interactions
between the polar water molecules and the siliceous crack surfaces.
6.2. Crack Properties
The modeled crack densities,>0.4 at low pressures, show that quite high crack densities are possible even in
structurally intact rocks. Themodeled crack density is, however, insufficient to account for more than ~10% of
the total porosity of the samples at the estimated aspect ratio of 0.001. It is concluded that much of the
porosity measured at ambient conditions on the thermally cracked quartzites is probably contributed by
uniform partings of near-zero aspect ratio (Figures 2d and 3d) expected to close at pressures <<10 MPa;
cracks of significantly larger aspect ratio than 0.001 that remain open at the highest experimentally accessible
pressure of 150 MPa, and account for the residual crack density, also contribute to the total porosity. Previous
studies infer the Cape Sorell quartzite to have porosity with an initial aspect ratio of 0.02 (Lu & Jackson, 1998),
which may remain an upper bound on the aspect ratio distribution for this quartzite after induced cracking.
The larger crack density modeled in the Alberta quartzite than in the Cape Sorell quartzite at high pressures
implies that the Alberta quartzite may have either a larger number or more equant, higher aspect ratio, cracks
than the Cape Sorell sample.
While we hypothesize the closure of a main population of cracks in both quartzites at ~80 MPa, as the final
shear moduli do not reach the value of single crystal quartz, it appears that complete closure of all cracks
is not achieved in either quartzite, even at pressures >150 MPa. This is consistent with the observation of
modulus deficits relative to predictions from single-crystal elasticity commonly persisting to pressures of
order 1 GPa (Christensen, 1974).
6.3. Dispersion
In most ways, the shear moduli of the quartzites behaved similarly. As expected, no significant difference is
seen between the low-frequency and high-frequency dry shear moduli measurements, which were
completed on the Cape Sorell quartzite alone.
At low frequencies between 0.01 and 1 Hz, the shear moduli show no sensitivity to fluid saturation for either
quartzite (Figures 9 and 10). Although the argon-saturated Alberta quartzite approaches the transition to the
drained regime, estimated at ~0.01 Hz due to the lower viscosity of argon and higher permeability of this
quartzite at low pressure, its shear moduli are consistent across the entirety of the 0.01–1 Hz bandwidth. If
the quartzite is indeed approaching or crossing the transition, it must, as is theoretically predicted (e.g.,
Cleary, 1978), not affect the shear modulus. The assumption that the quartzite can be treated as in the
saturated isobaric regime therefore appears valid.
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Gassmann (1951) predicts that the dry and saturated shear modulus of a rock will be equal when the rock is in
a saturated isobaric fluid flow regime, and the lack of observed difference between the saturated and dry
states for Cape Sorell quartzite supports that the low frequencies measured here, 0.01–1 Hz, are sufficiently
low to allow pore pressure equilibration during the course of the measurement. The bulk density of the
sample increases negligibly with saturation due to the low porosity of the samples, with the result that fluid
saturation has no significant effect on shear wave velocities.
Water saturation causes strong dispersion, evident in the markedly increased shear moduli of both quartzite
specimens at 1 MHz when compared to 1 Hz (Figure 8). The measured dispersion requires a transition in fluid
flow regimes between 1 Hz and 1 MHz. The estimated frequency for squirt flow places the saturated isobaric-
saturated isolated boundary near kilohertz frequencies for water saturation in these rocks, indicating that the
1 MHz measurements probe the saturated isolated regime. The magnitude of dispersion between 1 Hz and
1 MHz is most pronounced at lower effective pressures when the cracks are open and crack density is higher.
Interestingly, at these pressures the magnitude of dispersion observed is similar to that indirectly measured
in Fontainebleau sandstone by Pimienta et al. (2015) at low pressure (1 MPa), despite the sandstone being
reported to have significantly higher porosity (7.3%) and more equant pores. At pressures >80 MPa, beyond
which the majority of the cracks are closed, the differences between the water-saturated and dry or argon-
saturated shear moduli are smaller (Figure 8) but still significant. This indicates that, even at the highest effec-
tive pressures measured here, some porosity remains, with the cracks having reduced compliance when
saturated. Crack density and aspect ratio modeling show that, at high pressure, cracks with higher aspect
ratio may still remain open and maintain a crack density as high as 0.1 in both quartzites.
During the argon-saturated 1 MHzmeasurements, the Cape Sorell quartzite’s argon-saturated shear modulus
exceeds its dry shear modulus at all measured effective pressures, while this is true only for measurements
made from 10 to 50 MPa for the Alberta quartzite. Theoretically, the regime transition occurs between
0.2 MHz at low pressures, and it appears likely that this increase results from the argon-saturated samples
behaving as in the saturated isolated regime. The slight decrease observed in the Alberta quartzite at higher
pressures is difficult to understand and may be explained by preferential closure of low aspect ratio cracks
raising the characteristic frequency at high pressures or perhaps additional cracking developing during the
pressurization cycle.
7. Conclusions
Each of the two quartzites studied from Cape Sorell, Australia, and Alberta, Canada, contain a population of
thermal cracks of low aspect ratio embedded within a near monominerallic quartz frame. Shear modulus
dispersion was successfully measured on both samples, providing important experimental results for a field
largely dominated by theoretical work. The dry shear modulus of each of the cracked quartzites increases
markedly with increasing effective pressure, reflecting the progressive reduction of the initially high-induced
crack densities. The crack density, in each case ~0.4 at low pressure, more than halves the shear modulus
from its value at high pressure, demonstrating the significant effect cracks, can have on seismic velocities
in low-porosity rocks.
No dispersion is observed for the dry quartzites, as expected. The water-saturated quartzites, however, show
substantial frequency-dependent dispersion in their shear moduli, with the 0.01–1 Hz measurements in the
saturated isobaric regime and the 1 MHz measurements in the saturated isolated regime. High-frequency
water-saturated shear moduli were substantially larger than those measured at low frequencies. At 1 MHz
and 20 MPa of effective pressure, the water-saturated shear moduli are almost twice as large as their 1 Hz
counterparts: 74% higher for the Cape Sorell quartzite and 98% higher for the Alberta quartzite. These results
highlight the need to understand the properties of crystalline rocks and their characteristic fluid flow
frequencies when it is considered that ultrasonic measurements used to model seismic survey results in
crystalline rock are frequently made on core that may be partially saturated and downhole measurements
at sonic frequencies most assuredly are.
The Walsh-Hudson model applied to the shear moduli that measured both dry and water saturated appears
to satisfactorily represent the effects of water saturation on the shear moduli of the quartzites. Accordingly, if
the fluid flow regime of the rock is known, it may be possible to use theoretical models to adequately predict
its high-frequency shear modulus from its low-frequency, or dry, modulus.
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The limitations in signal-to-noise levels of the measurement techniques mean that no dispersion is conclu-
sively observed between 1 Hz and 1 MHz in the shear modulus of the argon-saturated quartzite measured
here, but a comparison of the 1 MHz argon-saturated ultrasonic measurements to the 1 MHz dry measure-
ments indicates that modest dispersion is likely occurring at an amplitude below the ability of these techni-
ques to resolve quantitatively. The characteristic frequency separating the saturated isobaric and saturated
isolated fluid flow regimes is calculated to be ~0.2 MHz, placing 1 MHz measurements of the argon-saturated
quartzites proximal to the transition but within the saturated isolated regime. While not conclusive, this is
supportive of the accuracy of the characteristic frequency given by O’Connell and Budiansky (1977).
As the shear modulus affects both P and S wave seismic velocities, the experimental results measured on the
two quartzite specimens show that dispersion can have a critical effect on velocity measurements of both
body waves, with important implications for seismic acquisition and modeling of cracked crystalline rocks.
It is generally thought that the majority of the Earth’s crystalline crust has fluid-filled cracks, and these can
be expected to cause significant velocity dispersion within the seismic record. This data set provides neces-
sary experimental data with which to constrain and test theoretical models for crack parameter inversion and
dispersion-related calculations.
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